We report the existence of self-propelled Janus droplets driven by phase separation, which are able to deliver cargo in a programmable manner. The self-propelling droplets are initially formed by a water/ethanol mixture in a squalane/monoolein solution, and evolve in up to three stages depending on ethanol concentration. In the first stage, the droplet propulsion is generated by Marangoni flow originating from the solubilization of ethanol in the oily phase. During this process the droplets absorb surfactant molecules; in combination with the continuous loss of ethanol this leads to a phase separation of the water/ethanol/monoolein mixture and the formation of Janus droplets, i.e. a water-rich droplet connected to an ethanol-rich droplet that is able to deliver cargo. We characterize the different evolution stages of selfpropulsion by the flow field around the droplet that evolves from a weak pusher, over a neutral swimmer, to a dimer of neutral swimmers. Finally, we utilize this active system to deliver DNA as a cargo. Tuning the delay time before phase separation, by varying the chemical composition of the droplets, several different cargo delivery processes can be programmed. 
I. INTRODUCTION
In recent years, significant efforts were dedicated to realize artificial micro-and nanoswimmers that locomote at low Reynolds numbers, and that are further able to perform tasks, like cargo delivery [1] [2] [3] . Swimmers driven by periodic conformational changes have to break the time-reversal symmetry to achieve a net propulsion at small Reynolds numbers 4, 5 .
However, swimmers driven by a continuous propulsion mechanism need to break spatial symmetry and display a permanent polarity. Despite the theoretical possibility to observe a spontaneous symmetry breaking for homogeneous spherical particles 6 , all solid autophoretic swimmers realized in experiments so far exhibit an ingrained polarity. Spherical Janus particles, for instance, exploit a difference in chemical surface composition of the two opposing hemispheres 7 . Recent studies have shown that Janus nanorods can not only self-propel but also deliver drugs during self-propulsion 8 , repair cracks in electrical circuits 9 , or even halt blood hemorrhages 2 . Beside their desired properties, is the nature of these colloidal (Janus)
particles and the way to trigger their self-propulsion often incompatible with biological applications 1 .
In contrast, emulsion droplets can be formed with bio-compatible liquids. It was shown that emulsion droplets can self-propel by Marangoni flow 24 when a surface tension gradient is either maintained by chemical reactions 25 , micellar solubilization 26, 27 , or liquid-liquid phase separations 28 . However, the realization of self-propelled Janus droplets has been proven difficult [10] [11] [12] [13] [14] and swimming droplets could so far not perform tasks comparable to solid self-propelling particles.
In this article, we report time-evolutive self-propelled ethanol/water droplets in a surrounding squalane/monoolein solution, which are able to deliver cargo. The evolution of the emulsion droplets is caused by a continuous release of ethanol from the droplet into the continuous phase and simultaneous uptake of monoolein from the continuous phase into the droplet phase. This leads, after a certain time, to a spontaneous phase separation between water and ethanol in the presence of the surfactant monoolein, see Fig. 1a . Depending on initial ethanol/water mixing ratio, the droplets evolve in up to three stages and potentially form Janus droplets with a water-rich leading droplet and an ethanol-rich trailing droplet.
We describe and characterize the conditions of emergence and evolution of the different stages, and their corresponding propulsion mechanism. Furthermore, we demonstrate that the droplets can extract and precipitate DNA during the phase separation process, which can is delivered via the ethanol-rich droplet to a target location. Because the emergence of phase separation is controlled by the initial chemical composition of the droplets, several different cargo delivery processes can be achieved in a programmable manner. The propulsion mechanism is universal and could be realized with several other liquid mixtures or lipidic surfactant, including a wide range of alcoholic beverages (if having sufficiently high alcohol content).
II. RESULTS

A. Production and Hydrodynamic Properties
The generation of evolutive self-propelling droplets is achieved using a four component system consisting of water, a water-miscible solvent, which is less polar than water and partially soluble in the surrounding phase, an oily phase, and an oil soluble surfactant.
The surfactant needs a chemical affinity for the solvent and the oil should be immiscible with water. A combination of chemical substances satisfying all these conditions is water/ethanol/monoolein and squalane (as 4 % of ethanol is soluble in squalane). For simplicity we will restrict our following description to this particular system, but the reported concept is universal and similar results could be obtained for seven other chemical compositions fulfilling the above mentioned requirements, see 39 .
Evolution stages of the droplets as function of ethanol concentration
Droplets with a diameter of about 200 µm were generated by injecting an ethanol/water mixture through a glass capillary (inner diameter ≈ 20 µm) into a flat observation chamber that is pre-filled with a continuous squalane/monoolein mixture. The bottom of the observation chamber is rendered hydrophobic with a self-assembled monolayer of octadecyltrichlorosilane (OTS) to prevent adhesion and subsequent spreading of the droplets at the bottom surface of the chamber. Depending on ethanol concentration, the generated water/ethanol droplets evolve with time assuming up to three different stages, as displayed Fig. 1 . We start our description for a medium ethanol concentration, where all three stages can be observed (Fig. 1a) , and subsequently extend our discussion to smaller and respec- The demixing in stage 2 is very fast (≈ 1 min) and the self-propelling behavior of the formed Janus droplets can effectively be observed only in stage 3 for around 5 min. The qualitative behavior in these stages is as described previously for intermediate ethanol concentrations.
Reducing the initial ethanol concentration in the droplets even below 30 vol%, phase separation is not always observed and self-propelled motion is not occurring reliably.
Droplets produced with an ethanol concentration between ≈ 70 vol% to ≈ 80 vol% show all three evolution stages (Fig. 1b) , whereas the duration of stage 1 is extended to 10 − 15 min before the phase separation occurs in stage 2. The duration of the subsequent demixing in stage 2 is around 1 − 2 min. In contrast to the intermediate and low ethanol concentrations, the water-rich phase is now clearly the minority phase and several water-rich droplets are formed inside the ethanol-rich droplet. Accordingly, the water-rich droplets are finally pushed out of the larger ethanol-rich droplet and may continue to locomote. The ethanolrich mother droplet finally spreads on the OTS-coated bottom of the device and stops moving. Generating droplets with ethanol concentrations well above 80 vol% is not possible as those droplets directly wet the OTS-coated bottom of the observation chamber and do not self-propel.
Characteristics of the evolution stages
Having introduced the the appearance of the evolution stages as function of ethanol concentration, we will shed some light on their characteristics. A self-propelling droplet in stage 1 collects a large amount of monoolein from the oil phase as can be seen from the fluorescence activity after a short propulsion time. In case of large ethanol concentration (≥ 70 vol%), additional dark clouds can be observed around the droplet, which we suspect to be Marangoni rolls 16 , together with a dark trail ( Based on the above findings we conclude that the solubilization of ethanol into the squalane solution is driving the droplet motion. This effect is described for the case of liquidcrystal droplets 26, 28 , where liquid-crystal molecules are solubilized in a monoolein/squalane solution by filling surfactant micelles 39 , leading to a variation of the surface tension at the droplet surface and so to a Marangoni flow 24, 26, 28 . However our situation is more complex than in Refs. 26, 28 as ethanol can be solubilized not only in micelles, but also at the molecular lever. We demonstrate this point by observing the self-propulsion of droplets below The small ethanol-rich droplets nucleating in the bulk of the mother droplet coarsen quickly until a Janus state is reached. Due to the swirl inside the mother droplet the coarsening droplets are preferentially transported towards the rear side of the mother droplet where they coalesce to even bigger droplets leading to one large ethanol-rich droplet inside the mother droplet. When this coalesced ethanol-rich droplet touches the inner surface of the mother droplet it forms a three phase contact line and finally grows out of the mother droplet forming a stable Janus-droplet when nucleation and coarsening are completed, see After the completed formation of self-propelling Janus droplets, they consist of a waterrich leading droplet in contact with an ethanol-rich trailing droplet that contains the majority of the monoolein molecules, which were previously taken up by the mother droplet. A water-rich droplet looses some of its volume (up to a few percent), while the Janus droplet velocity decreases exponentially until reaching a constant cruising speed.
No further nucleation in visible droplets or coarsening events could be observed. However, estimating, the volume of both droplets and comparing them to the droplet volume at the be- 
where η is the dynamic viscosity of the squalane phase, V the volume of the trailing droplet and C a factor of order unity that contains the dependence on the geometry of the Janus droplet and the viscosity ratios of the bulk fluids 39 .
Spontaneous de-mixing of the mother droplet into an ethanol-rich and a water-rich phase marking the end of stage 1 starts once the composition of the Janus droplet reaches the boundary of the miscibility gap. Provided a low initial ethanol concentration of the mother To estimate the balance of monooleine accumulation and its dilution in stage 2, we employ the average radius of the minority phase droplets measured in our experiments.
A quantitative analysis of the experimental data shows that both the radius of the minority phase droplets in the bulk of the mother droplet and the radius of the trailing droplet in stage 2 conforms to a power law ∝ t 1.1 in time t 39 . A linear growth of the typical domain size after a quench into the miscibility gap of a binary liquid was already predicted from dimensional analysis of the transport equations 38 and observed in experiments 37 .
Setting the growth exponent of the radius to 1, the non-dimensionalized undersaturation of monoolein in the trailing droplet in stage 2, and the propuslion velocity U (t) ∝ x(t) are described by the equationẋ
Solutions x(t) of Eqn. (2) and, hence, the velocity U (t), displays a nearly linear rise in stage 2, in agreement with experimental findings 39 .
Since the final volume of the trailing droplet scales as V ∝ R 3 , eqn.
(1) predicts a relaxation time τ ∝ R 2 in stage 3 whereas our experimental data show a relaxation time that is independent on the dimensions of the droplet 39 . In agreement with the experiments, the peak velocity of self-propulsion is observed at a time t = t c marking the transition between stage 2 and stage 3. Numerical solutions of eqn. (2) show that the peak velocity is monotoneously decreasing with an increasing ratio t c /τ of the coarsening time to the final relaxation time. Only in the limit of small ratios t c /τ 1 we find a constant peak velocity as in the experiments 39 .
The model introduced above is based on the assumption that the water and ethanol molecules of two fluid phases of the Janus droplet are chemically equilibrated at any instance in time. However, we know from experimental observations that this assumption cannot be completely fulfilled. In stage 3, in particular, we observe the nucleation and growth of small ethanol-rich droplets at the interface between the water-rich droplet with the squalane phase. These droplets are advected to and merge with the trailing droplet. A secondary nucleation indicates that the de-mixing of ethanol and water is still ongoing in stage 3.
Droplets of the minority phase created in this secondary nucleation could be responsible for an increased influx of monoolein molecules into the trailing droplet that allows larger droplets to reach a chemical equilibrium on the same time scale as droplets with a smaller radius.
The discrepancy between the perdictions of the model and the experimental results could also arise from an unjustified assumption of chemcial equilibration of water and ethanol in the Janus droplet. It is well possible that ethanol and water molecules in two bulk phases of the Janus droplet are not close to a chemcial equilibrium, and the gradients in the composition of the solvents also contribute to the propelling Marangoni stresses. Moreover, the quick uptake of monoolein in stage 1, and the synchroneous appearance of monodisperse minority phase droplets suggests a spinodal decomposition of an unstable phase at the beginning of stage 2 rather than a homogeneous nucleation. In view of the complexity of the many competing kinetic effects, it does not come as a surprise that the maximum velocity and the scaling of the exponential decay time recorded in experiments do not conform to the prediction of our simple simple model.
Smart Carrier for Programmable DNA Cargo Delivery
In this section, we will use the particular properties of our evolutive self-propelling droplets for controlled cargo delivery in a programmable manner. For that purpose, we used a water/ethanol solution containing DNA (≈ 0.1 mg/ml) and 0.3 M of sodium acetate as droplet phase in a surrounding monoolein/squalane solution. Even in the presence of DNA, the droplets undergo the previously described evolution stages ending with a Janus droplet consisting of a water-rich leading droplet and an ethanol-rich trailing droplet. In contrast to similar bulk methods [29] [30] [31] , DNA extraction in self-propelling and phase separating droplets occurs in a single step during less than 15 minutes with sample volumes on the picoliter scale, cf. Fig. 4a ,c.
To achieve a controlled cargo delivery, we use the fact that the ethanol-rich droplet, which is formed during the evolutive self-propulsion spreads easily on a polydimethylsyloxane (PDMS) surface upon contact. Using this strategy, three different scenarios of cargo delivery can be achieved simply by varying the initial ethanol/water concentration of the droplet.
For intermediate ethanol concentration between ≈ 40 vol% and ≈ 60 vol% the droplet is self-propelling 1 − −3 minutes before starting its phase separation. After the Janus fromtion, a drop-off cargo delivery is realized; i.e. the swimmer delivers its cargo and leaves the target area. If such a droplet self-propels around an obstacle in the Janus stage 2 or 3, the ethanol-rich trailing droplet is spreading on the surface when touching the obstacle, see Fig. 4b . This touching is inevitable when the Janus droplet tries to swim away from the obstacle. The remaining water-rich droplet is continuing its self-propelled motion moving away from the obstacle. However, the cargo can also be delivered if the droplet approaches the PDMS obstacle already in stage 1, or stage 2, i.e. in a stage before the trailing droplet is formed. In these stages a self-propelling droplet will either stay in contact to the PDMS surface, or self-propel in a bound orbit around it depending on its specific squirmer mode 32 .
Therefore it is just a matter of time until the Janus droplet is formed leading to the above described drop-off cargo delivery.
For low ethanol concentration (≈ 30 vol%), the formation of Janus droplets occurs almost immediately after droplet production; such a droplet has a short total running time.
As consequence, those water-rich droplets will stop to move soon after cargo delivery and stay close to the cargo delivery area shielding it after a certain number of delivery events.
For large ethanol concentration (> 70 vol%), the droplet is self-propelling 10-15 minutes before starting it phase separation. Several small water-rich droplets are formed inside an ethanol-rich droplet that are finally pushed out of the larger ethanol-rich droplet. The ethanol-rich droplets spread on the surface after separation, while the water-rich droplets typically continue to locomote, cf. Fig. 1d . These self-propelling water-rich droplets are still containing a non-negligible quantity of ethanol being able to deliver the cargo. However this type of multi-droplet cargo delivery is hardly controllable.
All these To conduct an experiment the observation chamber is prefilled with an oil/surfactant mixture and ethanol/water mixture were carefully injected into the reservoir using a glass 13 capillary (20 µm inner diameter, connected to a syringe pump. As water/ethanol were leaving the glass capillary, droplets were formed spontaneously. The diameter of the droplets could be controlled between 100 and 150 µm. The density of the aqueous phase was always higher than that of the oily phase (0.81 g/ml), even for the highest ethanol concentration (80 vol.%) used. The concentration of monoolein is fixed at 3.5 mg/ml (i.e. 15 mM) if not explicitly mentioned otherwise. In experiments with varying monoolein concentration, the ethanol/water concentration was fixed to 50 vol.%. All chemicals were purchased from Sigma-Aldrich, except the fluorescent lipid that was purchase from Avanti Polar Lipids.
IV. CONCLUSION
We reported a general method to produce artificial self-propelling Janus droplets, which evolve from monoolein stabilized water/ethanol emulsion droplets. These type of active matter is universal and could be achieved also for other surfactants and organic solvents in- Due to the phase separation occurring in stage 2, these droplets could be used as a quasi- 
